A potentially viable approach for treating latestage prostate cancer is gene therapy. Successful gene therapy requires safe and efficient delivery systems. In this study, we report the efficient delivery of small interfering RNA (siRNA) via the use of biodegradable nanoparticles (NPs) made from monomethoxypoly(ethylene glycol)-poly(lactic-co-glycolic acid)-poly-l-lysine (mPEG-PLGA-PLL) triblock copolymers. On the basis of previous findings, cyclic Arg-Gly-Asp (cRGD) peptides were conjugated to NPs to recognize the target site, integrin αvβ3, expressed in high levels in PC-3 prostate cancer cells. The suppression of angiogenesis by the downregulation of vascular endothelial growth factor (VEGF) expression has been widely used to inhibit the growth of malignant tumors. In our study, human VEGF (hVEGF)-siRNA was encapsulated in NPs to inhibit VEGF expression in PC-3 cells. Concurrently, sonoporation induced by ultrasound-targeted microbubble destruction (UTMD) was utilized for the delivery of siRNAloaded NPs. Our results showed low cytotoxicity and high gene transfection efficiency, demonstrating that the targeted delivery of biodegradable NPs with UTMD may be potentially applied as new vector system for gene delivery.
Introduction
The vascular endothelial growth factor (VEGF) is considered a major factor mediating endothelial cell survival, migration, and proliferation during angiogenesis, and has been shown to be upregulated in various types of tumor cells and also plays a major role in prostate carcinoma development (1, 2) . Therefore, the inhibition of VEGF expression has been considered as a potential approach for cancer therapy (3) (4) (5) . RNA interference (RNAi), initiated by small interfering RNA (siRNA), induces the sequence-specific degradation of complementary mRNA and leads to the loss of target gene expression (6, 7) . Human VEGF (hVEGF)-siRNA has been used to silence VEGF expression in PC-3 cells. However, inherent instability along with poor or non-specific cellular uptake has limited its usefulness.
The application of non-viral systems for gene delivery is being increasingly advocated due to low immunogenicity, unlimited payload capacity, absence of endogenous viral recombination, as wel as low production costs. Nanoparticles (NPs) that are non-toxic, biocompatible and biodegradable have been widely used as efficient carrier materials for gene delivery. In our previous study, mPEG-PLGA-PLL triblock copolymers were constructed for siRNA delivery (8) . The NPs could successfully transfered siRNA into the tumor cells, and demonstrated higher gene inhibition efficiency than the control groups, while showing no cytotoxicity (8) . On the basis of previous findings, this study focused on the surfacemodification of mPEG-PLGA-PLL triblock copolymers with cyclic arginine (Arg)-glycine (Gly)-aspartic acid (Asp) (cRGD) ligands to recognize the target site, integrin αvβ3, expressed in high quantities in activated endothelial cells and certain tumor cells (9, 10) , including PC-3 prostate cancer cells (11) . The ligand binding of the cRGD peptide is expected to significantly enhance the ability of mPEG-PLGA-PLL-cRGD to bind to PC-3 cells and targeted NPs (TNPs) are expected to be a powerful vector for effective gene therapy against cancer. In our study, human-VEGF-siRNA was encapsulated in TNPs to inhibit VEGF expression in PC-3 cells. Non-targeted NPs (NNPs) were also encapsulated as the control.
Ultrasound-targeted microbubble destruction (UTMD) has been proven to enhance gene transfer and may serve as a potential site-specific gene transfer modality. Sonoporation induced by UTMD leads to the transient and reversible increase in the permeability of cell membranes when exposed to ultrasound. In our previous as well as other studies, UTMD was utilized to facilitate the transfer of siRNA-loaded NPs across the cell membrane (12, 13) . Although the process of sonoporation is not yet well understood and the bioeffects of sonoporation are similar to the side-effects (14) (15) (16) , the transient and long-term viability of PC-3 cells did not decrease significantly under optimized experimental conditions. This study aimed to explore the efficient and safe delivery of siRNA for cancer therapy.
Materials and methods
Cell culture. Human prostate carcinoma cells (PC-3, Chinese Academy of Sciences) were maintained in RPMI-1640 medium containing 10% FBS, penicillin (100 U/ml) and streptomycin (100 µg/ml) at 37˚C in a humidified incubator with 5% CO 2 . Cell culture reagents were all purchased from Gibco (Grand Island, NY, USA). Cells were plated on a 12-well plate at a density of 1.5x10 5 cells/well.
Ultrasound exposure protocol. A therapeutic US machine (Physiomed, Erlangen, Germany) was used and the area of the probe (1 MHz) was ~6.15 cm 2 . The groups were exposed to optimized ultrasound conditions (power, 1.2 W cm -2 ; 20% duty cycle; exposure time, 20 sec). The SonoVue powder (Bracco, Milan, Italy) was mixed with 5 ml saline. After agitation for 30 sec, white galactoid microbubble suspension was prepared.
Preparation of mPEG-PLGA-PLL NPs loading siRNA. The preparation methods of mPEG-PLGA-PLL siRNA-loaded NPs and their physicochemical characterization have been described in our previous study (8) . The particle size of the siRNA-loaded NPs increased as the hVEGF-siRNA molecules were encapsulated in the inner water phase of mPEG-PLGA-PLL NPs and cyclic Arg-Gly-Asp (cRGD) peptides were conjugated to the surface of the NPs. NPs loaded with siRNA but without cRGD were also constructed as the control. The NPs were termed TNPs and NNPs. The siRNA-loaded NPs were observed under an atomic force microscope (MultiMode 8; Veeco-Bruker, USA) and were shown to be spherical in shape. The mean diameter of the NPs was ~112.0±4.0 nm (Fig. 1) . All reagents for NPs were purchased from Shanghai Yuanju Biotechnology Co. (Shanghai, China).
SiRNA targeting human VEGF labeled with or without Cy3 and cRGD were purchased from RayBiotech, Inc., Guangzhou, China. Sequences were as follows: sense, 5'-GGAGUACCCUG AU GAGAUCdTdT-3' and antisense, 5'-GAUCUCAUCAGGGUA CUCCdTdT-3' .
Experimental grouping. In this study, the cells were divided into the following 4 groups: i) the control group P, PC-3 cells with 60 µl PBS; ii) the control group S, PC-3 cells with 60 µl siRNA; iii) the control group N, PC-3 cells with 60 µl NNPs loaded with siRNA; and iv) the test group T, PC-3 cells with 60 µl TNPs loaded with siRNA. Each group was then devided into 3 subgroups: 1, no ultrasound (P1, S1, N1, T1); 2, ultrasound alone (P2, S2, N2 and T2); and 3, ultrasound + 80 µl SonoVue microbubbles (P3, S3, N3 and T3).
The mixture volume per well was added to 1 ml with culture medium and the final concentration of siRNA was adjusted to 0.03 pmol/µl in the different groups. All experiments were carried out in triplicate.
Transfection. We compared the cellular uptake efficiencies of the different groups of cells as mentioned above. Cells were plated on a 12-well plate at a density of 1.5x10 5 cells/well. After 48 h of incubation, the medium was replaced by fresh medium containing 10% FBS and the desired siRNA formulations were added to the cells. siRNA labeled with fluorescent Cy3 dyes was used to examine the uptake of PC-3 cells. After 48 h of incubation, a fluorescent microscope was used for observation and the quantitative cellular uptake of Cy3-siRNA was estimated using a FACSCalibur flow cytometer. NNPs (without cRGD) loaded with siRNA were observed in the perinuclear cytoplasmic region in our previous studies. The intracellular localization of TNPs but not absorption by the surface of cells was also confirmed by a confocal microscope.
Real-time PCR. We used siRNA without Cy3 for relative molecular experiments. To establish the hVEGF-siRNA silencing efficiency at the mRNA level, a real-time PCR analysis of PC-3 cells was carried out. Total RNA was extracted from the different groups at 2 time-points (after 24 and 48 h of transfection). Subsequently, reverse transcription to synthesize the cDNA was carried out using the First-Strand cDNA Synthesis kit (Takara, Tokyo, Japan). Real-time PCR was then performed with cDNA using the SYBR ® Premix Ex Taq™ kit (Takara). The final results were evaluated by the 2 -ΔΔCT analytical method. Programmed cell death 5 (PDCD5) as the sensitive index of apoptosis was dynamicly monitored with real-time PCR at 6 time-points (after 2, 6, 12, 24, 48 and 72 h of transfection). The expression level of PDCD5 was significantly higher during apoptosis than in the normal cells. Therefore, it can be used to further investigate the apoptosis-promoting effects of the VEGF-siRNA interruption in PC-3 cells. PCR primers were designed and producted by the Invitrogen Co. The PCR primer sequences were as follows: VEGF forward, 5'-AAGATCCGC AGACGTGTAAATGTT-3' and reverse, 5'-CGGCTTGTC ACATGCAAGTA-3'; PDCD5 forward, 5'-CTGAGGAGA CAGAGGCTGGC-3' and reverse, 5'-TTTCTGCTTCCCT GTGCTTTG-3'; and the internal standard, GAPDH forward, 5'-CTTAGCACCCCTGGCCAAG-3' and reverse, 5'-GATGTT CTGGAGAGCCCCG-3'.
Detection of apoptosis by flow cytometry. Phosphatidylserine (PS) externalization is one of the main events occurring during the early stages of apoptosis. To detect PS externalization, the transfected cells were harvested by trypsinization and washed twice with PBS. The washed cells were resuspended in 200 µl binding buffer (PBS containing 1 mM calcium chloride). FITC-conjugated Annexin V and propidium iodide were added according to the manufacturer's instructions (Biosea Biotechnology Co., Ltd., Beijing, China). After incubation for 20 min at room temperature, 400 µl binding buffer was added, and samples were immediately analyzed on a FACSCalibur flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA) with excitation using a 488 nm argon ion laser. The samples were stained with propidium iodide (PI) to distinguish necrotic and late apoptotic events from early apoptotic events. The experiment was also monitored at 6 time-points by analyzing PDCD5 expression (after 2, 6, 12, 24, 48 and 72 h of transfection). Similar to real-time PCR, flow cytometry is still able to cover the wide dynamic range required for quantification.
VEGF protein assay with ELISA. The detection of VEGF protein expression following transfection was carried out by ELISA quantitative assay. Cells were plated on a 12-well plate at a density of 1.5x10 5 cells/well. After 48 h of incubation, the medium was replaced by fresh medium without 10% FBS and the desired siRNA formulations were added to the cells. PC-3 cell culture supernatant was collected after 12, 24 and 48 h of transfection. The human-VEGF-ELISA kit (4iBIO, Beijing, China) was used to determine VEGF protein expression according to the manufacturer's instructions.
Cell viability assay. We performed trypan blue assay immediately after the cells were treated to measure the transient cytotoxicity of UTMD and NPs. The cells were then analyzed under a microscope to determine the proportion of positive blue-stained cells.
Clonogenic assay. To investigate the effect of the siRNA interruption on the proliferative ability of cells, and to evaluate the side-effects induced by UTMD or NPs, clonogenic cell survival assay was carried out. Cell viability depends not only on the intact cell membrane but also on many other factors. PI commonly used in sonoporation studies or drug toxicity, may not be a reliable measure of cell long-term viability.
After incubation for 48 h at 37˚C, the 12 groups of cells were trypsinized and seeded into 12-well plates (100 cells/well). Ordinary culture medium was added. Two weeks later, colonies were fixed and stained with Giemsa, and clones containing >10 cells were counted. Each group was assayed in triplicate wells.
Statistical analysis. Data are expressed as the means and standard deviation (means ± SD). An independent samples t-test was used to determine the significance of the difference between 2 groups. The Kruskal-Wallis test was used to examine the significance by multiple comparisons. Differences were considered significant at P<0.05. Statistical analysis was performed with a software package (SPSS, version 13.0; SPSS, Chicago, IL, USA).
Results
Analysis of transfection efficiency. TNPs loaded with siRNA delivered by UTMD were observed in the perinuclear cytoplasmic region by a confocal microscope (Fig. 2) , which was the first step towards successful gene transfection. Fig. 3A shows the fluorescence images of the cellular uptake of siRNA in the different groups. Examination of the cultured PC-3 cells with a flow cytometer showed that the T3 group (TNPs + UTMD) had a maximal fluorescence intensity index (27.18±0.91) among all the groups, slightly higher than the N3 group (NNPs + UTMD) (18.39±0.90) (P<0.05), while the T3 group demonstrated a significant difference compared to the other control groups (P<0.001) (Fig. 3B) .
Real-time PCR.
To establish the inhibitory effect of hVEGFsiRNA at the mRNA level, relative VEGF mRNA expression levels was evaluated after 24 and 48 h of transfection. The results showed that the T3 group ranked last at 24 h (71%) (Fig. 4A )and 48 h (53%) (Fig. 4B) , while the N3 group showed similar results to the T3 group at 24 h (70%) and 48 h (70%). The 2 groups showed inhibitory effects as compared to the other samples (P<0.05). No difference between these groups was observed at 24 h, but a significant difference was observed between these groups at 48 h (P<0.05).
Given that cell apoptosis can be induced by hVEGF-siRNA, as a sensitive index of cell apoptosis, PDCD5 mRNA expres- sion can reflect the gene silencing effect of siRNA indirectly and was therefore examined by real-time PCR analysis. Cell apoptosis is a complex process involving many stages; therefore, we selected 6 time-points to depict the expression trend. The results of real-time PCR analysis demonstrated that all the control groups without microbubbles added and the P3 group had very similar performance characteristics. No difference was observed in PDCD5 mRNA expression beween these groups at different time-points (data not shown). However, there was no significant difference between the N3 and T3 groups (P<0. 20) , showing that the targeted group failed to exceed the non-targeted group concerning inhibitory effects, while differences were noted when compared to the S3 and P3 groups, (P<0.001) (Fig. 5A ). Fig. 5B shows that PDCD5 mRNA levels in the N3 and T3 groups remarkably increased with time after 2 h of transfection, and reached the peak (3-fold the expression of P3) at 24 h, then decreased significantly, while the S3 group (naked siRNA-transfected cells) displayed a weak increase at all time-points.
Detection of apoptosis by flow cytometry. Similar to the results of PDCD5 analysis, the 8 groups without microbubbles showed similar results to the P3 group, while no difference was observed between the N3 and T3 group (P<0.15) (Fig. 6A) .
The difference was that the cell apoptotic percentage in the N3 and T3 groups notably increased after 12 h of transfection (P<0.05), and reached the peak (6.7-fold the percentage of P3) at 48 h, then decreased slightly (Fig. 6B ). This shows that PS externalization began later than PDCD5 mRNA alteration during early apoptosis.
ELISA. In order to maximally reduce protein secretion induced by the number of cells, the 12-24 h growth rate (GR) and 24-48 h GR were compared among the groups. The T3 group showed the lowest protein GR (20% at both time-points), while the N3 group had the lowest GR (31 and 33%) (Fig. 7) . Compared with the other control groups, the protein expression of the T3 group was significantly suppressed, demonstraring a statistical significance compared with the N3 group (P<0.05). In this experiment, the S3, N3 and T3 groups showed a significant decline in GR (P<0.05), indicating that the UTMD method can be used for efficient gene delivery. The GR was determined using the following equation: GR = [protein quatity of 24 h (48 h) -protein quatity of 12 h (24 h)/protein quatity of 12 h (24 h)] x100%.
Cell viability assay. Under optimized conditions, no significant difference in cell viability was observed between the groups (P<0.5) (Fig. 8) . The results demonstrated that cell membrane integrity remained intact during the different treatments and was not be affected by UTMD and NPs. Although UTMD is thought to assist the delivery of molecules into a cell by transiently increasing the membrane permeability, cell membrane integrity would be restored in a short while.
Clonogenic assay. The cell colonies formed by the 12 groups are shown in Fig. 9A . There was no significant difference between these groups (P1, P2, P3, S1, N1 and T1) (Fig. 9B) , which demonstrated that UTMD technology and NPs loaded with siRNA had no potential to inhibit cells to proliferate. The number of cell colonies formed by the S2, N2 and T2 groups was less than the groups mentioned above; however, there was no statistical significance. The N3 and T3 groups formed the least number of cell colonies, significantly less than the other groups (P<0.05), which demonstrates that the proliferative ability of the cells had been badly impaired by hVEGF-siRNA delivered with NPs combined with UTMD. There was no difference observed between these 2 groups (P<0.1) and the S3 group ranked in the middle position.
Discussion
Prostate cancer is one of the most common types of cancer and the main leading cause of cancer-related mortality in males. Most late stage prostate cancer patients may become non-responsive to hormone therapy, resulting in deterioration and even death. To date, no single or combination therapy has shown efficacy in inhibiting tumor progression. Genetic therapies represent promising approaches for the treatment of this neoplastic disease. Hormone refractory PC-3 prostate cancer cellss and siRNA targeting the hVEGF gene were selected in our study. It is known that the instability and poor cellular uptake of siRNA has limited its usefulness. To minimize the loss of siRNA and increase cellular uptake efficiencies, hVEGF-siRNA were encapsulated in biodegradable NPs and were delivered into the cell plasma by sonoporation induced by UTMD, which was expected to achieve the downregulation of VEGF gene expression, and to inhibit tumor cell proliferation and induce tumor cell apoptosis.
In our previous study, we successfully constructed NPs made of mPEG-PLGA-PLL triblock copolymers (8) . As a nonviral siRNA delivery vector, its stability and biocompatibility, lower cytotoxicity and higher gene transfection efficiency was verified. On the basis of these studies, cRGD ligands were conjugated to the surface of mPEG-PLGA-PLL triblock copolymers to recognize the target site, integrin αvβ3, highly expressed in PC-3 cells. cRGD is a commonly-used ligand in many targeting studies for specific recognition (17, 18) . Targeted NPs loaded with siRNA combined with UTMD techonology were used to further improve the gene delivery efficiencies.
We used siRNA labeled with Cy3 for morphological experiments. After the intracellular localization of TNPs was confirmed, the fluorescence intensity of the T3 group was the highest among the 12 groups, which indicated that much more TNPs were aggregated and adhered on the surface of PC-3 cells with the help of the targeting ligand, cRGD.
SiRNA without Cy3 was used for relative molecular experiments. Real-time PCR (for the mRNA level) and ELISA (for the protein level) were carried out to identify the direct inhibitory effect of hVEGF-siRNA. The results showed that VEGF expression decreased significantly at both levels. ELISA demonstrated that the VEGF protein GR of the T3 group was <40% of the P3 group, while less than 68% of the N3 group at the 2 time-points. These may be the most significant results in this study, showind that cRGD had a targeting effect similar to that shown in previous studies (19, 20) . The S3, N3 and T3 groups showed a significant decline in GR comared with the other groups (P<0.05), demonstrating that UTMD as driving force was an effective method to facilitate gene delivery. To examine the induction of apoptosis by the siRNAmediated inhibition of VEGF expression in PC-3 cells (21, 22) , the detection of apoptosis by flow cytometry and real-time PCR was carried out after 2 h of transfection. A biochemical hallmark of apoptotic cell death is the translocation of PS from the cytoplasmic surface of the cell membrane to the external cell surface (23) . The levels of PS in apoptotic cells is easily determined by flow cytometry using fluorescence-labelled Annexin V, which specifically binds PS. The overexpression of PDCD5 precedes the chromosome DNA fragmentation and PS externalization during early apoptosis. PDCD5 mRNA and protein levels are upregulated in response to various apoptotic stimuli (24) (25) (26) . Therefore, PDCD5 mRNA levels were aslo determined by real-time PCR in our study. As the other 8 groups showed a similar trend with the P3 group, the 4 groups (P3, S3, N3 and T3) which demonstrated significant differences are described in this study. The results of flow cytometry demonstrated that apopotosis of PC-3 cells occurred after 6 h of transfection and reached the peak at 48 h, while the results of PDCD5 analysis showed that apopotosis began after 2 h of transfection and reached the peak at 24 h. PDCD5 has been consistently regarded as a more sensitive index during early apoptosis as it has been reported that the upregulation of PDCD5 mRNA precedes PS externalization during early apoptosis (27) . This was also determined in our study. Certain studies have shown that PDCD5 is possibly involved in the 2 cell death programs, apoptosis and paraptosis, and that it may be one of the key molecules connecting these 2 processes (28, 29) . However, the targeting effect of the cRGD ligands was similar to that of the than non-targeted NPs in the 2 experiments. Combined with the VEGF expression results presented above, although we obtained some results with statistical significance, from the perspective of absolute value, the results were limited. The reasons why the gene silencing effect of the TNP-siRNA complexes failed to dramatically exceed that of the NNP-siRNA may be as follows: although the physicochemical characterization of the NNPs loaded with siRNA was introduced in our previous study, whether the combination of cRGD has an impact on the inherent nature of NPs should be verified; therefore, further experiments for constructing TNPs of perfect quality are warranted. siRNA which were not connected to a self-replication vector lacked biological amplification effects; experimental conditions should be further optimized; and a number of tumor cell lines should be selected, taking into account the differences between cell lines.
Trypan blue assay showed that UTMD methods and different NPs had no significant effect on transient cell viability. MPEG-PLGA-PLL NPs turned out to be stable, biodegradable and biocompatible, without hampering the metabolic activity of the cells as revealed by the results of our previous study (8) . A number of studies have indicated the side-effects of inertial cavitation induced by UTMD, such as cell apoptosis and cell lysis (30, 31) , capillary rupture (32), hemolysis (33) , etc. In our study, UTMD did not induce transient cell viability decrease under optimized conditions. Adverse effects were directly related to microbubble nature and ultrasound exposure conditions. The side-effects should be reduced to a minimum by optimization.
We selected clonogenic cell survival assay to further investigate the long-term effect of siRNA and the cytoxity of UTMD and NPs. The N3 and T3 groups formed the least number of cell colonies, demonstrating the long-term effect of NPs loaded with siRNA, which should be mainly attributed to the longer-lasting siRNA release from the NPs (34, 35) . Apart from the S3 group, the number of colonies of the other 9 groups remained similar. The UTMD and NPs failed to damage the ability of the PC-3 cells to form colonies and proliferate. The study by Karshafian et al demonstrated that approximately half of the cells undergoing reversible permeabilization retained their long-term viability (36) . Perhaps the utilization of NPs facilitates the delivery of siRNA; therefore, side-effects were significantly reduced with lower ultrasound exposure parameters and less quatities of reagents, as shown in our study.
Novel biodegradable targeted NPs combined with UTMD were expected to significantly facilitate gene transfection. However, not all experimental results in this study indicated that the TNPs had a more powerful inhibitory effect than the NNPs. The results from our study indicate that NPs combined with UTMD can synergistically serve as a non-viral gene delivery system without notable cell toxicity. Although some positive results were obtained, the small number of samples and the fact that the experiments were only repeated a few times may be the first limitation of the present study. Secondly, it was impossible to avoid the disturbance of certain personal factors, instrument errors and environmental alterations. Thirdly, this study was limited to in vitro study. In conclusion, repeated experiments are necessary to verify the feasibility of this novel gene delivery system and further studies using animal models are required.
